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Abstract  The geochemical behaviors of dissolved (<0.4 
m), low molecular weight (<10 kDa) and colloidal (10 kDa- 
0.4 m) 210Po in surface waters from the Jiulongjiang estuary 
were examined and the input/removal rates of different 210Po 
species were estimated. Both dissolved and low molecular 
weight 210Po were considerably removed during estuarine 
mixing. However, colloidal 210Po was removed only at low 
salinity regions (S <15) but had input behavior at high salin-
ity surface waters (S >15). The input/removal rates of three 
species indicate that 210Po was removed rapidly in the Jiu-
longjiang estuary. The discrepancy of input/removal rates 
between 210Po species suggests  different geochemical be-
havior and a dynamic transformation between 210Po species. 
Low molecular weight 210Po may be more appropriate for 




Po, input/removal rates. 
DOI: 10.1360/03wd0172 
O, S, Se, Te and Po are the elements of the VIB.
210Po (T1/2=138.4 d, E =5.3044 MeV) has strong affinities 
to particles, especially particulate organic matter (POM), 
thus 210Po in seawater can be transported into the sediment 
by scavenging and removal, and the disequilibria between 
210Po and 210Pb become a methodological base for the 
study of the particle dynamic processes in marine envi-
ronments with the time scale of years to a centenary. The 
concentration, inventory and  geochemical behavior of
210Po in the river-sea mixing zone were rarely investigated, 
and studies on colloidal 210Po were even scarce, although 
the  applications of 210Po to particle dynamics have been 
increasing. Some works[1 4], which use 210Po to trace the 
transports and transformation of pollutants, especially the 
influences of phosphate wastes to the environments, are 
limited to suspended particulate matter and/or sediments. 
As for the transport, input and removal rates of 210Po in 
estuary zone, they are still poorly studied, thus preventing 
our better understanding of the cycles and influences of 
pollutants in estuarine environments. The fate of radionu-
clides in phosphate wastes discharged into estuaries and 
coastal zones has recently been investigated in several 
European countries[1,5 8], but quantitative evaluation was 
less likely without detailed studies on the biogeochemistry 
of 210Po and 210Pb. To estimate the fluxes of 210Po and 
210Pb quantitatively and to further investigate their deposi-
tional mechanism[9] in estuarine ecosystems, models in-
volving the input, scavenging and removal of these ra-
dionuclides must be constructed and developed.  
In the present study, five surface water samples with 
different salinities from the Jiulongjiang estuary were 
analyzed. The geochemical behavior of different size 210Po
fractions, namely dissolved (<0.4 m), low molecular 
weight fraction (or true solution, MW < 10 kDa) and col-
loidal fraction (10 kDa 0.4 m), was examined. The 
input/removal rates of 210Po in three fractions were also 
estimated. 
1  Methods 
( ) Sampling.  The Jiulongjiang River is the sec-
ond largest rivers in Fujian, China. It comprises the north-
ern, the western and the southern branch, with a drainage 
area of 11909 km2 and a yearly discharge of 117.46 
108m3 1) to the Xiamen Bay. The maximum and minimum 
discharge is in June and September, respectively, and thus 
resulting in a seasonal variation of salinity in estuary zone. 
Surface water samples for 210Po were collected in the 
Jiulongjiang estuary on March 11, 2002, the detailed loca-
tions and hydrographic parameters are listed in Table 1. 
Salinity decreased from 31.4 at station JLJ1 to 1.1 at sta-
tion JLJ5, while temperature increased from 17.0  at 
JLJ1 (morning) to 19.8  at JLJ5 (noon). The Xiamen 
Bay is a regular half-day tided bay. The samples were col-
lected during the flood tide, and the surface currents flow 
riverward.





JLJ1 24 23.91  N 118 06.05  E 17.0 31.4
JLJ2 24 24.23  N 117 53.71  E 18.8 18.5
JLJ3 24 25.09  N 117 52.25  E 19.1 12.4
JLJ4 24 25.77  N 117 50.95  E 19.5 5.8
JLJ5 24 26.39  N 117 49.79  E 19.8 1.1
( ) Analytical procedures.  60 L water samples 
were filtered through pre-weighed 142 mm in diameter, 
0.4 m pore size polycarbonate membrane filters (isopore). 
The filtrates were further ultrafiltered with a 10 kDa Tan- 
gential-flow ultrafiltration membranes (Amicon H10P10- 
20) immediately after the filtration[10]. Both concentrated 
colloidal and low molecular weight (MW<10 kDa) frac- 
1) Chen, M., The particle dynamics in euphotic zone the application of the disequilibria between 234Th and 238U, Ph. D. thesis, Xiamen Univer-
sity, China (in Chinese), 1996, 153. 
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tions were collected for 210Po analysis. The colloidal 210Po 
concentrations in natural seawater were  calculated by 
the following equation:  
 CPo=(RPo–LMWPo)/CF, (1) 
where CPo, RPo and LMWPo denote the 
210Po specific ac-
tivity in colloidal, concentrated solution and LMW frac-
tions, CF was concentration coefficient adopted which 
ranges from 31 to 44. 
The separation and measurement procedures of 210Po
are described below. Concentrated HCl was added to col-
loidal (~1 L) and LMW (20 L) 210Po fractions to adjusted 
the pH to 2, then 70 mg Fe3+, 20 mg Pb2+ and 
209Po-spike (~1 dpm) as yield tracers were added while the  
samples were stirring. Samples were allowed to homoge-
nize overnight and reach isotope equilibration. After 24 h, 
the samples were neutralized with NH4OH solution to a 
pH of 9.0 (tested by pH paper). After 24 h , the super-
natant was then siphoned off and the remaining precipitate 
was transferred to a 50 mL centrifuge tube. After cen-
trifugation, the supernatant was discarded and the precipi-
tate was re-dissolved with 1 1 HCl, and then transferred 
quantitatively into a 100 mL Teflon beaker. Ascorbic acid 
powder was then added until the yellow color (Fe) disap-
peared. 1 mL of 20% hydroxylamine hydrochloride and 1 
mL of 25% sodium citrate solution were added and the pH 
of solution was adjusted to 1.5. 210Po was deposited on a 
silver disc over a magnetic stirrer and heater (85 90 ). 
After 4 h, the disk was removed and rinsed with Milli-Q 
water and then with ethanol. Ag disc was dried naturally. 
The activity of 210Po on the disc was measured by alpha 
spectrometer (OctêteTM PC, EG&G ORTEC). 
2  Results and discussion  
( )  Nonconservative behavior of 210Po.  The 
variation of specific activities of size-fractionated 210Po in 
the surface seawater with salinity are shown in Fig.1. The 
dashed lines (TML) represent theoretical conservative 
mixing of river water and seawater. If there are not input 
and removal of 210Po during river water and seawater 
mixing in the estuary, with only seawater being diluted by 
river water, the relation between the specific activity of 
210Po and salinity will be in accord with theoretical mixing 
line or ideal dilution line (IDL). When the real mixing line 
(RML) lies below the TML that indicates that 210Po is re-
moved. Similarly, when RML is located above the TML 
that means 210Po has other inputs. According to Fig. 1, the 
RMLs of 210Po in three fractions exhibit two types of dis-
tribution. The RMLs of dissolved and LMW 210Po lie be-
low the TMLs, and 210Po is removed. The RML of colloi-
dal 210Po is located below the TML at low salinity zone 
but above the TML at high salinity zone, which indicates 
that colloidal 210Po had the non-conservative behavior, 
with removal in low salinity but input in higher salinity 
waters.
( )  Input and removal rates of 210Po.  Based on 
TML and measured 210Po concentrations (Table 2) at riv-
erine and oceanic end-members and using an ap-
proach[11,12] that estimates input/removal rates of noncon-
servative trace elements, the input/removal rates of 210Po
in different size fractions can be calculated.  
Fig. 1.  Plot of dissolved (a), LMW fraction (b) and colloidal 210Po (c) 
vs. salinity.
Table 2  Specific activity of 210Po at riverine and oceanic end-member 
Size fraction 
Riverine end-member
/Bq  m 3
Oceanic end-member 
/Bq  m 3
Dissolved 210Po 0.48  0.02 0.33  0.02 
LMW 210Po 0.32  0.01 0.25  0.02 
Colloidal 210Po 0.17  0.01 0.08  0.01 
The input/removal rates of 210Po can be defined as 
V=(Ia,b–Pr)Qr, (2) 
where V is input or removal rate (Bq d 1), Pr represents 
the concentration of 210Po (Bq m 3) at the riverine 
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end-member, Qr is the river runoff (m
3 d 1). Ia,b define 
210Po removal and input y-intercept (Bq m 3) obtained by 
drawing tangent from the open ocean 210Po value through 
the lowest point on the 210Po-salinity profile to the 
y-axis 12 , which has been called  “effective concentration 
of river end-member”, and characterizing the removal and 
input concentration of 210Po. Input/removal rates calcu-
lated for dissolved, colloidal and LMW 210Po fractions 
using the above values and eq. (2) are presented in Table 3. 
It must be noted that the input rates of colloidal 210Po were 
calculated with the equation V=(Ib–Ia) Qr instead of eq. (2) 
because riverine 210Po has been removed at low salinity 
zone, and no 210Po input from river at high salinity zone. 
The input of 210Po comes from atmospheric deposition of 
210Po and its parent 210Pb[13] and other sources. Thus the 
calculation of colloidal 210Po at high salinity should be 
based on 210Po specific activity removed at low salinity 
but not at the riverine end-member[14].
Table 3  The input/removal rates of 210Po in surface water  










Dissolved 210Po 0.48 Qr 0.32
* 0.80* Qr 167
*
LMW 210Po 0.32 Qr 0.12
* 0.44* Qr 138
*






* Negative values represent removal. 
Table 3 shows that the LMW and dissolved 210Po ex-
hibit removal behavior in the Jiulongjiang estuary. The 
removal rate is 138% and 167% of corresponding riverine 
input rate, indicating that the LMW and dissolved 210Po 
inputed by riverwater have been scavenged onto humus, 
Fe-Mn oxide and suspended particulate matter[15]. In addi-
tion, 210Po and atmospheric fallout 210Pb [13] from the open 
ocean water are also removed in estuary. As river-borne 
particulate matter deposit mostly in the estuary, the Jiu-
longjiang estuary is likely a “sink” for 210Po. Results of 
Carvalho[9] for Tagus River in Portugal showed that little 
210Po is transported into coastal areas, and most of 210Po
was accumulated in estuarine sediments. Previous results 
on 210Pb in sediment cores indicated also an excess of 
210Pb relative to 226Ra above the average inventory sup-
ported by the flux of atmospheric 210Pb[1]. This provides 
additional verification on the estuary zone being a “sink” 
for 210Po and 210Pb. In addition, some other evidence 
shows that the high concentration of 210Po released by 
phosphate factories can be removed in estuary zone[1 4].
Table 3 shows that the removal rate of dissolved 210Po is 
twice as large as that of LMW 210Po fraction. Colloidal 
210Po is removed at low salinity zone and additional input 
at high salinity zone (S>15). The flocculation would result 
in trace element removal[16 18] in the estuary, especially at 
low salinity zone where the trace elements are removed 
rapidly[14]. Carvalho[1,9] observed that the 210Po concentra-
tion in suspended matter had a maximum between salinity 
of 0.5 and 10 in Tagus estuary. This is very similar to our 
results. It is noteworthy that the specific activity of dis-
solved 210Po is the sum of the LMW and colloidal 210Po
specific activity, however its input/removal rate is not in 
the same way, suggesting that there is different geo-
chemical behavior among dissolved, LMW and colloidal 
210Po as also shown in Fig. 1. As a result of the estimation, 
the ratio of the residence time of dissolved to LMW 210Po
fraction is 0.82. In other words, their residence times are 
very close to each other. Therefore, the geochemical be-
havior of elements reflected previously by dissolved spe-
cies (<0.4 or 0.45 m) must be the synthetic behavior of 
the LMW and colloidal species. The geochemical behav-
ior of the colloidal specie is not the same as that of dis-
solved species but shows a more dynamic feature during 
estuarine mixing. According to our results LMW fraction 
is the majority of “dissolved” species and their residence 
times are close to each other, thus it may be more appro-
priate to characterizing the geochemical behavior of trace 
metals in the estuary than the traditionally defined “dis-
solved” species. Our results are similar to that of Swar-
zenski et al.[14], who found that the sum of removal/input 
rates of LMW and colloidal U on the Amazon shelf is not 
equal to the removal/input rate of dissolved U, and the 
geochemical behavior of colloidal and dissolved U is dif-
ferent. They also observed that the colloidal U is removed 
at low salinity but input at high salinity, and dissolved U 
only shows removal behavior. 
( ) Removal of 210Po in estuary and its bioavailabil- 
ity.  Our results and other reports[9] revealed that 210Po
can be rapidly removed in the estuary, i.e. the dissolved 
210Po in the estuary zone, which comes from the river wa- 
ter and atmospheric fallout, is scavenged quickly onto the 
particulate matter. These particulate materials are further 
removed into the sediments even though some 210Po as- 
sociated with small particles might be transported further 
to coastal waters with the current. The scavenging and 
removal processes of 210Po would reduce the bioavailabil- 
ity of 210Po in the waters, and prevent a significant 
accumulation of 210Po by estuarine biota. Field studies 
carried out in the Seine and the Tagus estuaries by Car- 
valho[9] and Germain et al.[5,19] respectively indicate that 
phosphate wastes do not result in noticeable enhancement 
of 210Po levels in biota in those estuaries. Other stud- 
ies[6 8,20] carried out in estuaries receiving discharges of 
low pH phosphate wastes have shown that elevated con- 
centrations of 210Po were observed in biota samples col- 
lected near the point of waste releases. Therefore, the 
acidic environment may enhance the adsorption and up- 
take of 210Po by organisms. After the acidic waste was 
neutralized by seawater, 210Po could be rapidly removed 
and the bioavailability of 210Po reduced. The pH of the 
waters in this study is about 7.0, therefore the bioavail- 
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ability of 210Po in the waters of the Jiulongjiang estuary is 
relatively weak. Nevertheless, delayed uptake and accu- 
mulation of 210Po from the sediments by benthic and fil- 
ter-feeding organisms and subsequent 210Po food-chain 
transfer are possible, such as, the uptake of particulate 
210Po by zooplankton before it deposits into sediments. 
Thus it is necessary to do special research to investigate 
the 210Po bioavailability in the estuaries and other marine 
environments. 
In summary, the geochemical behavior of dissolved, 
LMW and colloidal 210Po and their input/removal rates 
were studied. Size-fractionated 210Po studied exhibit 
non-conservative geochemical behavior in the Jiulong- 
jiang estuary. The “dissolved” and LMW 210Po fractions 
are removed in the entire estuarine mixing zone, whereas  
colloidal 210Po is removed only at low salinity regions but 
input at high salinity waters. LMW 210Po fraction should 
be used to characterize the geochemical behavior of 210Po
since the traditionally defined dissolved 210Po contains 
also a colloidal fraction that shows a dynamic and differ-
ent mixing behavior. 
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